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(57) ABSTRACT

Systems, methods, and devices are provided for assessing
DNA damage and repair in cells by measuring DNA migra-
tion under electrophoresis. In one exemplary embodiment, a
microarray configured to hold cells in a predetermined spatial
relationship is employed to improve accuracy, speed, and
reliability of such measurements. In another embodiment, a
self-contained cassette having a matrix material disposed
therein can be used to create a substantially uniform environ-
ment for analyzing DNA damage and repair. Fluid can be
circulated through the cell to assist in creating spatial patterns
on the matrix material, or alternatively, the matrix material
can already include a microarray pattern disposed thereon.
Various methods and systems that take advantage of such
microarrays and cassettes are also provided.
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1
DEVICES AND PROCESSES FOR
ANALYZING NUCLEIC ACID DAMAGE AND
REPAIR USING ELECTROPHORESIS

PRIORITY

The present invention claims priority to U.S. patent appli-
cation Ser. No. 12/431,287, entitled “Devices and Processes
for Analyzing Nucleic Acid Damage and Repair Using Elec-
trophoresis” and filed on Apr. 28, 2009, which claims priority
to U.S. Provisional Application No. 61/049,545, entitled
“Devices and Processes for Analyzing Nucleic Acid Damage
and Repair Using Electrophoresis” and filed on May 1, 2008,
both of which are hereby incorporated by reference in their
entireties.

GOVERNMENT RIGHTS

This invention was made with government support under
Grant Nos. U01-ES016045 and P30-ES002109 awarded by
the National Institutes of Health. The government has certain
rights in this invention.

TECHNICAL FIELD

The present invention generally relates to devices and pro-
cesses for analyzing nucleic acid damage and repair, and
more particularly is directed to systems, devices, and pro-
cesses for analysis of nucleic acids using electrophoresis.

BACKGROUND

Environmentally and endogenously-induced nucleic acid
damage, and in particular deoxyribonucleic acid (“DNA”)
damage, has long been associated with cancer, aging, neuro-
logical disorders, and heritable diseases. Measurements of
DNA damage in human samples is therefore fundamentally
valuable, both for delineating genotoxic environmental con-
ditions that render cells vulnerable to mutations, and for
revealing genetic factors that modulate susceptibility to DNA
damage. For example, it is well established that heritable
DNA repair deficiencies can promote cancer. (Vogelstein and
Kinzler 2004.)

Although it is generally accepted that environmental con-
ditions can induce DNA damage that is hazardous to human
health, and that people deficient in the ability to repair DNA
damage are more prone to diseases, measurement of DNA
damage and repair in human samples is far from routine.
Despite the multitude of industrial chemicals present in
today’s workplaces, environment, air, food, and water, fewer
than 1000 such chemicals have been thoroughly character-
ized in terms of the risks that they pose to human health. This
is at least because existing assays are labor-intensive, expen-
sive, and technically challenging.

Many different approaches for analyzing nucleic acid dam-
age and repair presently exist, but they each have their own
distinct shortcomings. Many assays require the cells be
homogenized in order to isolate and analyze DNA. This pro-
cess makes it impossible to know which cell types are the
most damaged unless cell types are separated prior to analy-
sis. Further, in mixed samples, if there are rare highly-dam-
aged cells, their presence can be obscured by the numerous
cells that harbor low levels of DNA lesions. Knowledge about
how a minority population of cells responds to DNA damage
can have important implications, as it only takes one highly
damaged cell to initiate cancer or many other diseases.
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Another problem many laboratories encounter is that the
handling and/or processing of a sample of cells, or a tissue,
can introduce DNA damage. For example, when tissue is
disaggregated, the levels of DNA damage increase as a result
of' the stresses involved in tissue disaggregation.

One approach used for assessing the extent of DNA repair
is the use of unscheduled DNA synthesis. However, this
approach is not useful for assessing directly-induced DNA
damage, such as double and single strand breaks.

Structural and numerical chromosome aberrations, as well
as sister chromatid exchanges, are alternative ways of detect-
ing damage in DNA, but they can only analyze cells that are
in metaphase. Accordingly, some cell types can almost never
be analyzed because they rarely are in metaphase, while for
all cell types enough cells in metaphase must be gathered
while cells in any other phase must be discarded. Further, with
respect to structural and numerical chromosome aberrations,
information linking the observed aberration back to the cell in
which it occurred is nearly impossible to gain because once a
metaphase spread is made, cell type information is generally
lost. The process is also very slow and labor-intensive, gen-
erally requiring extensive microscope time and skilled tech-
nicians. It is also not feasible to detect subtle effects of DNA
repair deficits or exposures using the aberration method
unless sufficient time has elapsed for accumulation of rare
aberrations, which in many cases is too late for appropriate
intervention to occur. With respect to the sister chromatid
exchanges, they are highly transient in nature, so the timing
relative to a potential exposure is critical, which in turn makes
“false negative” readings a common occurrence.

Micronucleus assays are used to detect DNA fragmenta-
tion. While micronucleus assays can be useful for studies of
one organ, such as bone marrow, they are of limited value for
many other cell types. Further, the assays cannot be used to
assess DNA base lesions.

Prior to the present disclosure, three of the more promising
methods for DNA damage detection were mass spectrometry,
immunohistochemical detection of phosphorylated H2AX,
and the comet assay. Mass spectrometry can be useful for
precision lesion identification, but at present this approach is
not readily amenable to large scale population studies due to
the number of cells needed per assay, the technical difficulty
of performing the assay, and the cost of the equipment
required for analysis. Currently it takes about two weeks to
process a set of approximately ten samples. Even under opti-
mal conditions, this approach requires technical expertise and
access 1o a mass spectrometer.

While immunohistochemical detection of phosphorylated
H2AX is a sensitive way for measuring DNA double strand
breaks, it is technically very difficult to use this assay to assess
DNA damage levels in S phase cells. (MacPhail et al. 2003;
Han et al. 2006.) It is really only optimal for cells in the GO or
G1 phases, and because many environmental exposures that
cause genomic instability do so by interfering with DNA
replication during the S phase, this is problematic. This
method is further limited by the factthat it only detects double
strand breaks. While these are clearly very important lesions,
in the case of ultraviolet and aflatoxin exposure, which are
two of the best-characterized environmental mutagens, the
vast majority of the DNA lesions created by these exposures
are base-modifications, not double strand breaks. (Friedberg
et al. 2006.)

The comet assay is also a sensitive assay for measuring
both the levels of DNA damage and the rate of DNA repair. In
a comet assay, cells are generally embedded in agarose, and
after electrophoresis is performed on the assay, undamaged
DNA generally remains supercoiled and highly compact
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while damaged DNA more readily migrates during electro-
phoresis and gives rise to the appearance of a bright nucleoid
with a comet-like tail. Unfortunately, using standard methods
and/or devices, it takes hours to prepare and process just a
single sample. It is a very labor and time-intensive process.
For example, completing the incubation steps alone can take
approximately four hours. This is due, at least in part, to the
fact that current comet assays are performed at room tempera-
ture. Further, the feasibility of testing multiple conditions in
parallel and/or processing a number of independent samples
is severely limited by the current methods and devices. This is
due, at least in part, to the potential of overlapping tails of
cells being tested. In terms of the area required for a routine
comet assay, the density of the cells is primarily limited by
interference between cells. Another problem with current
comet assays is that there is a lack of standardization that has
lead to undesirable variability not only from laboratory-to-
laboratory, but from user-to-user from the same laboratory
and from slide-to-slide and assay-to-assay from the same
user.

At present, clinical assays are not generally available to
medical doctors to assess a patient’s DNA repair capacity.
This information would be invaluable to a person who might
be able to avoid cancer simply by avoiding certain exposures.
Furthermore, a person’s DNA repair information could be
used to guide appropriate intervals for cancer screening, such
as for early detection of cancers, and even could be used to
guide appropriate choices of treatments, for example by pre-
venting chemotherapy-induced lethality in a repair-deficient
patient. Aside from cancer, knowledge of a person’s DNA
repair capacity could guide appropriate selection of other
pharmaceuticals to avoid drugs to which a person may be
acutely sensitive. Having an assay that directly measures an
endpoint that is predictive of how a person would respond to
environmental risk factors would also be extremely valuable,
which in turn would allow a person to avoid risky behaviors
and allow physicians to more accurately weigh the cost-
benefit of anti-inflammatory interventions, such as non-ste-
roidal anti-inflammatory drugs. It would be an invaluable tool
for both revealing and controlling environmental risk factors.
Further, in the research setting, a high-throughput DNA
repair assay would be useful for the Gene-Environment Ini-
tiative because it could be used to identify as-yet-unknown
genetic risk factors that cause a deficiency in DNA repair and
thus sensitize particular individuals to certain environmental
exposures.

Accordingly, there exists a need for a sensitive, efficient,
consistent, and reliable method for analyzing nucleic acid
damage and repair in all cell cycle phases. Likewise, there
exists a need for devices and systems capable of carrying out
a sensitive, efficient, consistent, and reliable analysis of
nucleic acid damage and repair in all cell cycle phases. Addi-
tional benefits could be realized if such methods, devices, and
systems allowed for parallel processing to permit simulta-
neous analysis of a multitude of samples or conditions.

SUMMARY OF THE INVENTION

Systems, methods, and apparatuses are disclosed for
assessing DNA damage and repair in cells by measuring DNA
migration under electrophoresis. In one aspect, microarrays
capable ofholding cells in predetermined spatial locations are
employed to improve accuracy and reproducibility of the
measurements. Self-contained cassettes can include a matrix
material, such as agarose, and a fluid circulation path to
situate the cells in a spatial pattern in or on the matrix material
such that precise image analysis can be performed following
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electrophoresis. The methods and apparatuses can be used,
for example, to measure DNA damage, DNA repair rates, and
the response of various cell types to radiation or chemothera-
peutic agents.

One exemplary embodiment of an apparatus is a self-con-
tained assay cassette having a housing that defines an inner
cavity. A matrix material can be disposed within the cavity
and can include a plurality of cell assay locations. The cas-
sette can further include an opening for introducing cells into
the cavity such that when the cells are introduced into the
cavity, the cells are distributed to the cell assay locations of
the matrix material. In one embodiment the opening is a fluid
delivery inlet port configured to deliver a fluid into the cavity.
Alternatively, the opening can be a portion of the housing that
is capable of being opened, such as by removal of a portion of
the housing. The cassette can also include a fluid delivery
outlet port that is configured to remove a fluid from the cavity.
Thehousing can include a plurality of layers with any number
of components, or no components at all, disposed in between
the layers. In one embodiment a gasket can be disposed
between the layers, while in another embodiment a mem-
brane can be disposed between the layers. The housing can be
any number of heights, including in the range of about 25
micrometers to about 1 millimeter.

The matrix material can be any substance configured to
allow the cells to migrate as a result of electrophoresis, but in
one exemplary embodiment the matrix material is an agarose
gel. Ideally, the matrix material has a desired thickness that is
generally uniform and can range, for example, from about 10
to about 500 micrometers. In an exemplary embodiment, the
cell assay locations are at a uniform height such that cells
located in the cell assay locations can likewise be at a uniform
height. The matrix material can also include one or more cell
capture sites. In one embodiment, the cell capture sites are
recesses formed in the matrix material. The cassette can also
include one or more dividers to separate portions of the matrix
material disposed in the housing. In another embodiment the
cassette can include one or more electrode terminals for
applying an electric current to the matrix material disposed
therein. In one exemplary embodiment the cassette has two
electrode terminals. The self-contained electrophoresis assay
cassette can be disposable.

An exemplary embodiment of a matrix material can
include a gel-like substance and an array of sites that are
configured to capture cells for use in analyzing a nucleic acid.
The gel-like substance can be any number of substances, but
in a preferred embodiment it is an agarose gel. The sites can
be in a variety of shapes, patterns, and sizes, and can be
spaced in a number of different manners. For example, the
sites can include a plurality of recesses, troughs, and/or
microwells, and can be in the shape of a grid or other desired
pattern. In one embodiment, the sites are proximal to the
surface of the gel-like substance.

One embodiment of a system for nucleic acid analysis
includes a receptacle configured to receive a multi-site matrix
material that has a plurality of cell assay locations configured
to receive cells. The receptacle can provide a frame of refer-
ence for spatial differentiation of the matrix material. The
system can further include a first applicator for applying a first
reagent to at least a portion of the matrix material and a
second applicator for applying a second reagent to at least a
second portion of the matrix material. The first and second
reagent can be the same or different reagents, and the first and
second portions of the matrix material can include part of the
same portions of the matrix material or can be entirely differ-
ent portions. In one embodiment of the system the second
applicator can be configured to apply the second reagent to a
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portion of the matrix material that is distinct from the portion
to which the first reagent is applied, while in another embodi-
ment of the system the second applicator can be configured to
apply the second reagent to a portion of the matrix material
that at least partially overlays the portion to which the first
reagent is applied. In one exemplary embodiment the matrix
material is an agarose gel. The matrix material can include
one or more cell capture sites disposed on the matrix material.
In one embodiment, the cell capture sites are recesses formed
in the matrix material. The system can further include a shunt
coupled to the receptacle such that the receptacle is config-
ured to receive a cell containing fluid through the shunt, thus
allowing the cell to be analyzed by the receptacle. The recep-
tacle can optionally be disposable.

In another embodiment of a system for nucleic acid analy-
sis, the system includes a multi-site matrix material having a
plurality of cell assay locations configured to receive cells on
the matrix material and a reagent-applying overlay that is
disposed above the matrix material. The overlay can be con-
figured to apply at least one reagent to at least a portion of the
plurality of cell assay locations. In one embodiment the over-
lay includes a plurality of macrowells. One or more drug-
bearing hydrogels can be disposed in the macrowells. In
another embodiment, the plurality of cell assay locations can
be configured to receive cells from a plurality of sources. In
one embodiment the sources are similar cells from different
subjects, such as different humans. In another embodiment
the sources are different cell types from the same subject,
such as the same human. In still another embodiment the
sources are different cell types from different subjects, such
as different humans.

A system for determining multiple exposure conditions
can include a multi-site matrix material having a plurality of
cell assay locations configured to receive cells on the matrix
material and a template disposed above the multi-site matrix
material. The template can be configured to selectively regu-
late exposures of the cell assay locations to one or more
conditions. In one embodiment the template is a moveable
shield. The shield can be made oflead. The conditions that the
cell assay locations are exposed to can be created from any
number of sources, but in one exemplary embodiment the
conditions are created by an electromagnetic radiation
source, such as an x-ray machine.

One exemplary embodiment of a method for analyzing a
nucleic acid includes disposing a plurality of cells in a self-
contained electrophoresis assay cassette that has a matrix
material disposed inside, performing electrophoresis on the
cells, and analyzing parameters resulting from performing
the electrophoresis. The method can include introducing a
fluid into the cassette to diffuse the cells across at least a
portion of the matrix material. When fluid is introduced into
the cassette, the method can also include evacuating the fluid
from the cassette. When the cells are diffused, in one exem-
plary embodiment the cells diffuse in a substantially down-
ward direction.

In another exemplary embodiment of a method for analyz-
ing a nucleic acid, a matrix material that is capable of receiv-
ing a plurality of cells is obtained, at least one cell is disposed
in each of a plurality of cell assay locations, the cells are
exposed to at least one reagent, electrophoresis is performed
on the plurality of cells, and parameters that result from the
electrophoresis are analyzed. The reagent can be any number
of reagents, but preferably the reagent is a neutral and/or an
alkaline reagent. A second matrix material can be obtained
and added to the first matrix material after at least one cell is
disposed in each of the plurality of cell assay locations. Either
or both of the matrix materials can include one or more cell
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capture sites. In one embodiment, the cell capture sites are
recesses formed in the matrix material. Further, a divider can
be placed over the first matrix material and a second matrix
material having a plurality of cells disposed therein can be
placed above the divider. Any number of dividers and matrix
materials can be used. In another embodiment, the plurality of
cells can be printed onto one or more matrix materials.

The present disclosure makes it possible to perform mul-
tivariable analysis on a single sample, which makes it pos-
sible to reveal how fast an individual’s cells repair different
classes of DNA lesions. It also makes parallel processing of a
multitude of samples at a time possible, which can assist in
facilitating epidemiological studies of DNA repair among
different individuals.

Further, the impact created by the present disclosure can be
found in a variety of areas. With respect to the environment,
the disclosures can allow for the assessment of baseline DNA
damage levels in different populations, for instance by detect-
ing environmental genotoxins prior to observable increases in
disease prevalence, and the early detection of environmen-
tally-induced genotixity can in turn give rise to population-
wide intervention before significant problems arise. With
respectto genes, the disclosures can allow genetic factors that
modulate DNA damage levels to be identified, which can in
turn assist in the discovery of genes that modulate genomic
stability. With respect to gene-environment interactions, the
disclosures can assist in the identification of individuals who
have an increased susceptibility to DNA damage, which can
then be used to help determine strategies for personal inter-
vention. With respect to intervention itself, the disclosures
can assist in assessing the effectiveness of different interven-
tions by monitoring levels of DNA damage in individual or
population-wide studies. For example, the disclosures can be
used to assess the efficacy of dietary changes in patients with
low DNA repair capacity. With respect to susceptibility mark-
ers, the disclosures can help assess inter-individual variation
in the integrated ability of a person’s cells to repair DNA
damage, which in turn can reveal potential combinatorial
effects of multiple subtle polymorphisms in repair genes.
With respect to cell-type specific knowledge, specific cell
types can be assessed for their DNA damage burden and
repair capacity as a result of the disclosures, thereby permit-
ting the assessment of the viability of targeting particular
populations of cells. With respect to small sample require-
ments, the disclosures can reduce the number of cells needed
for analysis, which results in less cells being used and makes
the usage of such disclosures in epidemiological studies more
useful.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be more fully understood from the fol-
lowing detailed description taken in conjunction with the
accompanying drawings, in which:

FIG. 11is aperspective view of one exemplary embodiment
of a self-contained assay cassette;

FIG. 2A is an exploded view of another embodiment of a
self-contained assay cassette;

FIG. 2B is a side cross-section view of the self-contained
assay cassette of FIG. 2A in a constructed form;

FIG. 2C is a side cross-section view of the self-contained
assay cassette of FIG. 2A in a constructed form having a
larger gasket and illustrating a fluid passing through the cas-
sette;

FIG. 3 is a schematic top view of a matrix material having
an array of predetermined locations in a grid pattern;
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FIG. 4 is a perspective view of one exemplary embodiment
of a matrix material having an array of macrowells;

FIG. 5 is schematic perspective view of another exemplary
embodiment of a matrix material having an array of macrow-
ells and microwells and a template to assist in forming the
same;

FIG. 6A is a perspective view of a matrix material having a
plurality of troughs disposed therein;

FIG. 6B is a side view of the matrix material of FIG. 6A,
illustrating the introduction of a plurality of cells to the matrix
material;

FIG. 6C is a side view of the matrix material of FIG. 6A,
illustrating the matrix material rotated 90 degrees to remove
excess cells from the matrix material;

FIG. 7A is a schematic, perspective view of a template for
receiving a plurality of cells;

FIG. 7B is a schematic, perspective view of the template of
FIG. 7A having cells disposed therein and excess cells
removed;

FIG. 7C is a schematic, perspective view of the template of
FIG. 7A, rotated 180 degrees, and a base of a self-contained
assay cassette;

FIG. 7D is a schematic, perspective view of the base of a
self-contained assay cassette of FIG. 7C, rotated 180 degrees,
and a matrix material;

FIG. 8A is a schematic, perspective view of a template for
forming a matrix material having a plurality of cell assay
locations, illustrating the introduction of a material for form-
ing the matrix material to the template;

FIG. 8B is a schematic, perspective view of the resulting
matrix material formed from the material of FIG. 8A having
a plurality of cell assay locations;

FIG. 8C is a schematic, perspective view of the matrix
material of FIG. 8B having a plurality of cells introduced to
the matrix material;

FIG. 8D is a schematic, perspective view of the matrix
material of FIG. 8B having cells disposed in the cell assay
locations and excess cells removed;

FIG. 8E is a schematic, perspective view of the matrix
material of FIG. 8B having a second matrix material formed
on the first matrix material;

FIG. 9A is a schematic, perspective view of an agarose gel
and a stamp for forming a matrix material;

FIG. 9B is a schematic, perspective view of the agarose gel
and stamp of FIG. 9A with the stamp being positioned in the
agarose gel;

FIG. 9C is a schematic, perspective view of a matrix mate-
rial having a plurality of microwells that results from the
solidification of the agarose gel of FIG. 9B with the stamp
being removed;

FIG. 9D is a schematic, perspective view of the matrix
material of FIG. 9C having a cell disposed in each of the
plurality of microwells of the matrix material, and a close-up,
side view of one row of the microwells having cells disposed
therein;

FIG. 9E is a schematic, perspective view of the material
matrix material of FIG. 9D having a second agarose gel
solidified above the first matrix material to form a second
matrix material, and a close-up, side view of one row of the
microwells having cells disposed therein with the second
matrix material disposed above;

FIG. 10 is a perspective view of a matrix material having a
plurality of cells disposed therein and a divider for placement
on top of the matrix material;

FIG. 11A is a perspective view of one exemplary embodi-
ment of a system for nucleic acid analysis employing a
reagent applying overlay;
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FIG. 11B is a partially transparent perspective view of
another exemplary embodiment of a system for nucleic acid
analysis employing a reagent applying overlay;

FIG. 12 is a perspective view of one exemplary embodi-
ment of a system for determining multiple exposure condi-
tions;

FIG. 13 is a partial schematic top view of an image result-
ing from performing electrophoresis on the matrix material of
FIG. 3,

FIG. 14A is a schematic top view of an image resulting
from performing electrophoresis on a single cell assay loca-
tion on a matrix material; and

FIG. 14B is a chart resulting from image analysis per-
formed at the single cell assay location of FIG. 14A.

DETAILED DESCRIPTION

Certain exemplary embodiments will now be described to
provide an overall understanding of the principles of the
structure, function, manufacture, and use of the devices and
methods disclosed herein. One or more examples of these
embodiments are illustrated in the accompanying drawings.
Those skilled in the art will understand that the devices and
methods specifically described herein and illustrated in the
accompanying drawings are non-limiting exemplary embodi-
ments and that the scope of the present invention is defined
solely by the claims. The features illustrated or described in
connection with one exemplary embodiment may be com-
bined with the features of other embodiments. Such modifi-
cations and variations are intended to be included within the
scope of the present invention.

Devices, systems, and methods are generally provided for
analyzing nucleic acid, such as DNA, for damage and repair.
More particularly, the teachings discussed herein are aimed at
creating efficient, consistent, and reliable devices, systems,
and methods that are capable of analyzing nucleic acids for
damage and repair at any cell cycle phase. The present inven-
tion can improve the standardization of such analyses that
currently is lacking between laboratories, between individu-
als within a single laboratory, and even between assays and/or
tests performed by the same individual. Further, the high
throughput capabilities of the devices, systems, and methods
discussed herein also allow for parallel processing, which can
be used for simultaneous analysis of a large number of
samples or conditions in a short time frame.

The term “cell” as used herein is intended to encompass
any biological material derived from a cell, including but not
limited to, living cells, cells that have been fixed, stained,
lysed, or partially degraded, as well as cellular extracts or
isolated nuclear components. The term “cell” can also include
more than one cell, for instance when the “cell” can be a tissue
sample. Tissue samples can be used with this invention in a
number of capacities, for example in core biopsies where it
can be advantageous to assess DNA damage and repair in
tissue isolates. The term “matrix material” is used herein to
describe any material capable of facilitating nucleic acid
migration in the presence of an electromotive force, such as
an applied electric current. Such matrix materials include but
are not limited to agarose gels, polyacrylamides, and other
polymeric materials. The terms “DNA” and “nucleic acid”
are used interchangeably herein and should be read to encom-
pass deoxyribonucleic acids, ribonucleic acids (“RNA”s),
peptide nucleic acids, and the like, in native form, in chemi-
cally modified forms, or in fragments suitable for analysis.
The terms “in”” and “on” are used interchangeably herein. For
example, a cell that is “in a matrix material” can be embed-
ded, partially embedded, or located on the surface of the
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matrix material. Likewise, a cell “on a matrix material” canbe
situated on the surface of the matrix material or be partially or
totally embedded therein.

One exemplary embodiment of a device for analyzing
nucleic acids is illustrated in FIGS. 1 and 2A-2C. The device
is a self-contained electrophoresis assay cassette 10 that is
configured to receive one or more cells 100 for analysis. The
cassette 10 generally includes a housing 12 that defines at
least one inner cavity 14, a matrix material 30 that is disposed
within the cavity 14, and an opening 50 to allow for the
introduction of the one or more cells 100 into the cassette 10.
The matrix material 30 can include one or more cell assay
locations such that when the cells 100 are introduced into the
cavity 14, the cells 100 can be distributed to at least some of
the cell assay locations. In alternative embodiments, the
device for analyzing nucleic acids can be a receptacle capable
of receiving a matrix material that is configured to capture a
plurality of cells on the matrix material. The matrix material
can have multiple sites for such cell capture, such as recesses,
and the receptacle itself can serve as a defined frame of
reference for spatial differentiation of the matrix material.

The housing 12 of the cassette 10 can have a variety of
shapes, but as illustrated it is substantially rectangular. It can
be formed from a single material or from multiple materials,
including but not limited to glass, plastic, and polymer mate-
rials. In one exemplary embodiment, the housing is formed by
two transparent layers, for example top and bottom slides 16,
18, and has walls disposed between the two layers so that the
cassette 10 is self-contained. The walls can be formed on their
own or they can be part of a component disposed between the
two layers. As shown in FIGS. 2A and 2B, the walls are
formed by a gasket 20 disposed between the slides 16, 18. The
gasket 20 includes an open space between the two walls that
serves as the cavity 14. The gasket 20 can be made ofa variety
of materials, but in one embodiment it is elastic. Although in
the illustrated embodiment one gasket 20 is shown, any num-
ber of gaskets can be used, depending on the desired height of
the cassette 10. Furthermore, as will be described in further
detail below, the gasket 20 can be configured to increase its
height or even be replaceable such that a second gasket 22, as
illustrated in FIG. 2C, can be substituted for the first gasket 20
to create a different height of the cassette 10.

Although the illustrated embodiment includes a gasket, the
cassette does not need to include a gasket. In an alternative
embodiment, a material for protecting the stability of the
matrix material against tears, shreds, distortions, or other
types of harm that can result from the flow of fluid across the
matrix material is disposed above at least a portion of the
matrix material. The protection of the matrix material can be
achieved in a variety of manners, such as using a material like
amembrane or a mesh, performing chemical modifications of
the matrix material to make it more stable, or using other
strategies that a person having ordinary skill in the art would
recognize as capable of preventing shear forces from disrupt-
ing a matrix material. In another alternative embodiment, the
cassette can include the matrix material disposed on a first
surface and a fluid flow chamber disposed on a second sur-
face, and the two surfaces can then be sandwiched together.

The cavity 14 can have a variety of shapes as well, but its
shape can often be dictated by the shape of the housing 12.
Accordingly, the shape of the cavity 14 in the illustrated
embodiment is substantially rectangular. The cassette 10 can
also include multiple cavities disposed therein, each of which
can be configured for use like the cavity 14, or for other
generally understood purposes. The cavity 14 is generally
configured to receive one or more matrix materials, such as
matrix material 30. A base of the cavity, which as illustrated
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is defined by the bottom slide 18, can be generally flat to allow
for uniform distribution of the matrix material 30 within the
cavity 14. In other embodiments, any number of shapes and
figures can be formed in or on the base of the cavity to allow
the matrix material to form in such any number of shapes and
figures. The base of the cavity 14 can also be coated with a
variety of materials and polymers that assist the base in hav-
ing desired physical and/or biological attributes. One
example of a desired physical attribute is improved adherence
and/or stability capabilities such that the matrix material 30
more easily adheres to and/or is more stable with respect to
the base of the cavity 14 when various buffers are run over its
surface, as further described below. For example, when the
matrix material 30 is an agarose gel, the coat can be an
agarose pre-coat frosted on the bottom slide 18. In terms of
biological attributes, the base of the cavity 14 can be modified
with biologically active molecules such that different por-
tions of the matrix material have varied microenvironments.
Non-limiting examples of biologically active molecules
include extracellular matrix materials, chemicals, biologi-
cals, environmental toxins, and molecules designed to modu-
late cell behavior, such as short hairpin RNAs. In an exem-
plary embodiment, the bottom surface of the cassette 10 is
coverslip thick glass so that cells can be analyzed at various
times post exposure for their morphology, fluorescence, or
even for characteristics that can be revealed through immu-
nohistochemistry.

An opening 50 to allow the introduction of cells into the
cassette 10 can be located in any number of locations on the
cassette 10, and any number of openings can be included in
the cassette 10, although it is generally preferred to limit the
number of openings so that a substantially uniform environ-
ment within the cassette 10 can be maintained. As illustrated,
the opening 50 is located on the top slide 16 and is in com-
munication with the cavity 14 such that when the cells 100 are
introduced into the opening 50 they move through the open-
ing 50 and into the cavity 14. When a matrix material 30 is
disposed in the cavity 10, the cells 100 can interact with the
matrix material 30. For example, the cells 100 can be distrib-
uted to any number of cell assay locations formed in or on the
matrix material 14. One or more cells 100 can be located at a
single cell assay location. When the top layer of the cassette
10 is transparent, it is preferable that the opening 50 be
located on a side of the cassette as opposed to the top so that
the view inside of the cassette 10 is not obstructed by the
opening 50. In an alternative embodiment, the housing
includes a removable portion through which cells can be
introduced into the cavity. For example, a portion of a top
layer, or the entire top layer itself, can be configured to open
and close, or alternatively, a portion of atop layer, or the entire
top layer itself, can be removable to allow entry of the cells
into the cavity and then the top layer can be returned back to
its original position.

The size of the cassette can vary with the intended uses, but
it is generally sized for use in a laboratory with a standard gel
electrophoresis apparatus and an epifluorescent microscope.
While the length, width, and height of the cassette have no
real minimum or maximum measurement limitations, gener-
ally the length 1 of the cassette 10 can be in the range of
approximately 100 millimeters to 100 centimeters and pref-
erably is approximately 7.5 centimeters, the width w in the
range of approximately 1 millimeter to 100 centimeters and
preferably is approximately 2.5 centimeters, and the height h
in the range of approximately 0.01 millimeters to 10 centi-
meters and preferably is approximately 0.5 millimeters. Inthe
illustrated embodiment of FIGS. 2A and 2B, the slides 16, 18
and the gasket 20 are approximately each 100 microns thick,
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and the second gasket 22 of FIG. 2C is approximately 500
microns thick, but generally the thickness of the slides 16, 18
can be in the range of approximately 20 micrometers to 3
millimeters and the thickness of any gasket disposed therebe-
tween can be in the range of approximately 20 micrometers to
10 centimeters. However, similar to the length, width, and
height of the cassette, the dimensions of any slides or gaskets
have no real minimum or maximum measurement limitations
and such dimensions are generally selected based on the
intended use of the component.

A matrix material 30 can be disposed in at least a portion of
the cavity 14 defined by the housing 12 and is generally
configured to facilitate nucleic acid migration in response to
electrophoresis. As will be explained in further detail below,
disposal of the matrix material 30 in at least a portion of the
cavity 14 can occur by first solidifying the matrix material 30
and then disposing it in the cavity 14 or the matrix material 30
can enter the cavity 14 and then be solidified. In an exemplary
embodiment, the matrix material 30 is located on a base
portion of the cavity 14. In the illustrated embodiment, the
matrix material 30 is disposed on the bottom slide 18.
Although the matrix material 30 can be made of many differ-
ent substances, in preferred embodiments the matrix material
30 is substantially gel-like. In one exemplary embodiment the
matrix material 30 is made of an agarose gel. An agarose gel
is particularly useful because the temperature at which it
solidifies, the importance of which is described in more detail
below, is much lower than the temperature required to re-melt
the agarose. For example, a one percent solution of Ultra Low
Melting Agarose produced by the USB Corporation gels at
approximately 46 to 61 degrees Fahrenheit, but does not
re-melt until approximately 145 degrees Fahrenheit. Accord-
ingly, when cells are distributed to cell assay locations of the
matrix material 30 and solidified in a desired location, the
solidified matrix material 30 will not re-melt if a molten
agarose is placed near the original matrix material 30 to create
a second matrix material. The ability to use agarose gel to
form a matrix material was surprising because a person
skilled in the art would generally expect such a material to
tear when trying to mold it into desired configurations,
including the types of configurations discussed in greater
detail below. Further, a person skilled in the art would not
generally expect useful and accurate comets to result from
cells disposed in an agarose gel of the types described. The
matrix material 30 can be made of multiple substances, but it
is generally preferred to use a single substance because mini-
mizing the number of variables affecting the results is advan-
tageous and the use of a uniform, single substance generally
provides for less possibility of variations that could affect the
outcome between assays.

The matrix material 30 can include one or more cell assay
locations. The cell assay locations can be in any number of
locations in or on the matrix material 30. As will be explained
in further detail below, cells can be associated with the matrix
material prior to solidifying the matrix material, for instance
by mixing the cells with the matrix material and then dispos-
ing the mixture in the cavity 14 of the cassette 10, or after
soliditying the matrix material, for instance when arrays are
first created in the matrix material 30, such as by forming
microwells, and then the cells are introduced. Further, a com-
bination of both of these methods can be used. In some
embodiments, the locations are predetermined be design,
while in other embodiments the locations results from adding
cells to the matrix material and the cells becoming distributed
to various locations in the matrix material. In an exemplary
embodiment the cell assay locations are disposed on a proxi-
mal surface of the matrix material 30, thereby allowing the
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cells that engage with the cell assay locations to be located on
or near the surface of the matrix material. Locating the cells
closerto the surface can increase the speed of the assay. When
the locations are not predetermined, a thickness of the matrix
material 30 can be kept relatively small and uniform such that
cells that arrive at cell assay locations generally have a uni-
form depth within the matrix material 30. In one embodiment
the thickness of the matrix material 30 can be in the range of
approximately 10 to 300 microns, and preferably is approxi-
mately 100 microns. Any number of devices can be used to
create a matrix material having a uniform thickness. In one
exemplary embodiment, the cassette 10 is configured to cre-
ate a matrix material having a uniform thickness, which is
discussed in further detail below.

In embodiments in which microwells are used to form the
cell assay locations, the depth of the microwells can be
selected to optimize various parameters, such as the number
of cells disposed in each microwell. For example, in one
embodiment microwells having depths of approximately 10,
12, 14, 16, 18, and 20 micrometers can be formed in a matrix
material, and the microwells having larger depths can gener-
ally retain more cells. In an embodiment in which the cells are
TK6 lymphoblastoid cells, a 10 micrometer microwell can
retain a single cell (although in some instances two cells can
be retained), while a 20 micrometer microwell can retain
approximately as many as seven cells. Because different cells
have different sizes, each microwell can be sized to accom-
modate a desired number of a particular type of cell. Accord-
ingly, a matrix material can be configured to have particular
microwell sizes to retain particular types and numbers of cells
on the matrix material. Surprisingly, when multiple cells are
disposed in a single microwell, a larger, but normal comet can
be produced. Multiple cells in a single microwell, however,
can sometimes lead to asymmetrical morphologies, which are
not typically useful for analyses because they can be more
difficult to analyze.

The depth of microwells can be uniform in a particular
matrix material, or one matrix material can include microw-
ells having a variety of depths. Furthermore, although well
sizes ranging between 10 and 20 micrometers are discussed in
one embodiment, a variety of other well sizes can be used.
Some microwells can be smaller, such as, by way of non-
limiting example, 8, 6, or 4 micrometers, while some can be
larger, such as, by way of non-limiting example, 30, 50, or 80
micrometers. However, as microwell depth size increases, the
ability of the DNA to sufficiently separate from the well
decreases, which in turn can affect the consistency and accu-
racy of the tests. In one exemplary embodiment, the microw-
ells have a depth in the range of approximately 12 to 30
micrometers, and preferably in the range of approximately 12
to 20 micrometers.

When the cell assay locations are predetermined, the cell
assay locations can be arranged in any number of shapes and
designs. The type of arrays used for the cell assay locations
will vary depending on the intended use, such as the types of
tests that will be run and the types of results that will be
analyzed. The formation of the arrays will be discussed in
more detail below, but generally the arrays can include one or
more cell capture sites configured for receiving cells. The
sites can be any shape or size, for instance, by way of non-
limiting examples, recesses, wells or troughs. Alternatively,
the cell assay locations can include harbor high affinity mol-
ecules that capture specific cell types, such as circulating
tumor cells. More specifically, cells can be captured and
arrayed using antibodies or other molecules that bind with
high affinity to specific cell types. Capturing a plurality of
cells on a single matrix material allows for multiple results to
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be achieved in a single test. Thus, for example, by placing 40
cell capture sites on a single matrix material, a single matrix
material can replace 40 traditional comet slides and a single
test can replace 40 tests. Likewise, if three matrix materials,
each having 40 cell capture sites, are coupled together, as
discussed in further detail below, three matrix materials can
replace 120 traditional comet slides and a single test can
replace 120 tests.

In one exemplary embodiment, illustrated by FIG. 3, the
array can be a grid 132 where the location and spacing of the
cells 100 distributed to the cell assay locations is known and
generally consistent between matrix materials, such as matrix
material 130. Furthermore, as shown in FIG. 3, the cassette
10A can include electrodes 131 and 133 to apply a current
across the matrix material 130. Any number of electrodes can
be included in a cassette, and the electrodes can be disposed
in any portion of the cassette. By setting up such an array,
hundreds of samples can be processed in a consistent fashion
in parallel such that each array has a nearly identical local
environment. Further, the results will be much more reliable,
able to be reproduced, and produced much quicker, i.e. the
throughput will be greatly enhanced because the array allows
for multiple samples to be run and for the locations of those
samples to be known and consistent. This, in turn, results in a
reduction of noise due to inhomogeneities of the cellular
microenvironments that can occur when many tests are run.
For example, a substantially consistent z plane for each cell
can be achieved and the x and y coordinates for each cell can
also be known and/or predetermined. Still further, matrix
materials can be formed in a manner that allows cells in one
region to be fixed while simultaneously enabling other
regions to repair.

The cells used in the cassette 10, or the matrix material 30
in general, can be any kind or type of cell from any living
organism. Some cell types include ovarian carcinoma, pri-
mary rat hepatocytes, and lymphocytes. Surprisingly, not
only can many types of cells be used in the systems and
devices described herein and still survive over an extended
period time of at least several days, but the cells can even
proliferate in the matrix material 30. In one exemplary
embodiment the cells can be taken from a human. For
example, the cells can be nasal epithelial cells or buccal cells
taken from the inside of a cheek. In a preferred embodiment,
white blood cells are particularly useful for research purposes
because they are often collected and stored in large scale
epidemiological studies. In fact, previous types of comet
assays have already been proven to be effective using white
blood cells for detecting differences in the levels of DNA
damage among populations of people exposed to different
conditions (e.g., Andreoli et al. 1997, Piperakis et al. 2000;
Cebulska-Wasilewska et al. 2005; Bhalli et al. 2006; Botta et
al. 2006.) Furthermore, several studies have shown that
people who carry genetic deficiencies in DNA repair can be
identified when repair kinetics are measured using a comet
assay on their white blood cells (e.g., Alapetite et al. 1996;
Collins et al. 2001; Burger et al. 2006.)

In addition to the cassette 10 and the matrix material 30
being able to handle a number of different cell types, the
cassette 10 and the matrix material 30 can be configured to
handle a number of different cell types on the same cassette
10 or matrix material 30. For example, different cell capture
sites or microwells can be configured to hold particular cell
types, or alternatively, a single cell capture site or microwell
can be configured to hold more than one cell type. This allows
for multiplexing of cell types and chemicals in order to con-
duct high throughput screens, for example for drug screening
and epidemiological inquiry. In one embodiment fluorescent
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labeling can be used to assist in visually differentiating ran-
domly seeded cell types. Labeling, in conjunction with spatial
encoding to allow for an “address” to be created for each cell
and/or well, can allow for the evaluation of the identity of
each cell prior to conducting a comet assay. After analysis, the
two data sets can be merged to delineate the responses of
specific subpopulations.

In one exemplary embodiment, red, green, and blue Cell-
tracker dyes (manufactured by Molecular Probes) can be used
to multiplex three cell types. The cells can be imaged before
experimentation in case a lysis step disrupts any cell mem-
branes that results in the loss of the Celltracker dye(s). A chart
illustrating the location of each cell can then be created, for
example by using a macro-script for a fluorescent microscope
to provide Cartesian coordinate registration with respect to
cell color of each of the cells. The results can then be ana-
lyzed, relying in part on the chart to determine the results with
respect to each cell. By color-coding the cell types, the cells
can be mixed together, even within a particular macrowell or
microwell, and still yield useful results.

One exemplary way of creating a matrix material that is
particularly compatible with living cells is to prepare a matrix
material with media in place of buffer. In such an embodi-
ment, single cell types, mixtures of cells, or tissue samples
can be embedded in the matrix material and maintained under
conditions that modulate cell behavior. In fact, tissue samples
can even be analyzed for DNA damage levels when frozen.
Multiple samples can be taken from a tumor to assess DNA
damage/repair at different positions, for instance central ver-
sus peripheral. This can in turn allow studies of the extent to
which chemotherapeutics penetrate a tumor. For example,
levels of cisplatin adducts present in DNA can be evaluated by
adding DNA damage-specific endonucleases, such as
UVRabe. Being able to analyze samples of tissues, as
opposed to disaggregate cells, can also assist in overcoming
the problem of DNA damage that increases as a result of the
stresses involved in tissue disaggregation to produce the cells
for analyzing. In addition to being able to modulate cell
behavior, normal cell behavior can also be facilitated by mix-
ing the matrix material with materials that facilitate such
behavior, or by chemically modifying the matrix material to
facilitate normal cell behavior. For example, various chemi-
cals and biologicals can be printed onto the matrix material to
create various microenvironments that affect cell behavior
and/or differentiation. Still other types of cell conditions
could also be emulated for various types of analyses. By way
of'non-limiting example, hypoxic conditions like those found
in a tumor can be emulated so that in vitro conditions can
more closely mimic the conditions of cells or tissues in vivo.

In some embodiments live cells can be stained in situ
within the matrix material and can remain so for extended
periods of time. This can allow for the identification of cell
types, as well as particular states within the cells themselves,
such as annexin V for apoptosis. Responses, such as phos-
phorylation patterns, can also be identified and the various
end points of the live cells can be combined with the disclosed
assay to get an integrated biological readout of many end
points on the same platform. Alternatively, the cells can be
added to the matrix material by way of a robotic system. In
one exemplary embodiment the robotic system can transfer
volumes of media containing cells onto a matrix material by
way of a liquid transfer such that many different cell samples
can be processed in parallel.

As discussed above, the location of the cell assay locations
can be predetermined in some sort of an array, such as a grid.
In a preferred embodiment, the cell assay locations are pre-
determined and consistent between tests, users, and labora-
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tories where such uniformity would prove beneficial. For
example, a particular protocol for manual creation of the cell
assay locations can be used. One type of device for such
manual creation of cell assay locations is a multipipettor. A
multipipettor can be applied to a matrix material to create a
plurality of cell capture sites, in this instance defined by wells.
More particularly, multipipettors are typically optimized for
moving liquid in 96 well plates, and thus can create a plurality
of'uniform wells adapted for receiving droplets of cells and/or
testing agents, which will be discussed in further detail below.
An alternative way of manually creating an array is to use a
plurality of bolts or pins that are organized in a desired pat-
tern. The size of the bolts or pins, as well as the desired
pattern, can easily be changed to allow for any number of
arrays with any number of cell capture site sizes. A bracket
system can be used to hold the bolts or pins in a desired pattern
for easy substitution of the bolts or pins and maintenance of
the desired pattern. Alternatively, automated devices can be
used to produce such uniform cell assay locations between
matrix materials. Many elegant robotic devices have been
developed to facilitate liquid handling for genomics. For
example, a “SpotBot,” a robotic device that robotically con-
trols pin movements to transfer liquids from 96 well plates to
glass surfaces, can be used. The principles are identical to the
bolt or pin method described above. Accordingly, any com-
bination of manual or automated methods can be used to
create cell capture sites such as troughs, wells, or recesses.

While matrix materials can be configured in a variety of
different ways to optimize the number of cells and conditions
to be analyzed, in an exemplary embodiment illustrated in
FIG. 4, a matrix material 30' includes a plurality of macrow-
ells 32' configured to receive one or more cells. Further, the
macrowells 32' can include a plurality of microwells (not
shown) configured to receive one or more cells. In the illus-
trated embodiment the matrix material 30' includes 24 mac-
rowells 32'. In one exemplary embodiment each macrowell
32'includes a 50 by 50 microwell array, thus including 2500
microwells on the matrix material 30". In another exemplary
embodiment of a matrix material, illustrated in FIG. 5, a
matrix material 30" includes a plurality of macrowells 32",
which in turn include a plurality of microwells 34". While the
illustrated embodiment includes 9 macrowells 32", each
including a 3x3 array of microwells 34" for a total of 81
microwells, any number of macrowells 32" and microwells
34" can be used, including non-uniform amounts of microw-
ells 34" formed in different macrowells 32". For example, 100
microwells can be located in one macrowell while 50 microw-
ells can be located in an adjacent macrowell. Likewise, while
the embodiments illustrated in FIGS. 4 and 5 include 24 and
9 macrowells, respectively, in other embodiments more or
less macrowells can be formed, for example 96 or 384 mac-
rowells. As also shown in FIG. 5, the macrowells 32" and
microwells 34" can be formed by way of a template 40"
having macro-protrusions 42" and micro-protrusions 44" to
assist in forming the macrowells 32" and microwells 34",
respectively.

Once cell assay locations, such as cell capture sites, have
been created, there are a number of different methods that can
be used to distribute the cells to cell assay locations. In one
embodiment illustrated in FIGS. 6 A-6C, the cell assay loca-
tions are a plurality of troughs 232 disposed in a matrix
material 230. In an exemplary embodiment, as best illustrated
in FIGS. 6B and 6C, the troughs 232 are angled. Cells 100 can
be introduced to the matrix material 230 such that one or more
cells 100 are distributed into the troughs 232. Once a desired
number of cells 100 are located in the troughs 232, the excess
cells 100 can be removed in any number of manners, but in the
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illustrated embodiment they are removed by rotating the
matrix material 230 at a 90 degree angle such that the cells
100 not located in the troughs 232 drop off the matrix material
230, leaving only the cells 100 in the troughs 232 foruse in the
analysis. Alternatively, one or more aspirators can be used to
aspirate away particular cells under particular conditions.

Another embodiment of a method that can be used to
distribute cells to cell assay locations is illustrated in FIGS.
7A-7D.FIG. 7A illustrates a mold or template 340 having one
ormore pits or wells 342 for receiving cells 100. Cells 100 can
be introduced to the template 340 such that one or more cells
100 are distributed into the one or more wells 342. Gravita-
tional forces alone should be sufficient to allow the cells 100
to be distributed into the wells 342, but other mechanisms can
be used to assist the cells 100 into the wells 342. Once a
desired number of cells 100 are located in the wells 342, the
excess cells 100 can be removed in any number of manners,
for instance by wiping the excess cells 100 away from the
surface or running a liquid horizontally across the surface,
leaving the template 340 having the desired number of cells
100 disposed therein as illustrated in FIG. 7B. (Chin et al.
2004.) A slide 318 for use as a base of a cassette is provided
and the one or more cells 100 located in the template 340 can
be evacuated from the template 340 by any number of man-
ners. In the illustrated embodiment of FIG. 7C, the template
340 is rotated 180 degrees to allow the cells 100 to fall out of
the template 340 and onto the slide 318. In an exemplary
embodiment the slide 318 is pre-coated with poly-L-lysine to
assist in adhering the array of cells 100 to the slide 318. Once
the cells 100 are associated with the slide 318, a matrix
material 330 is introduced to assist with solidifying the loca-
tion of the cells 100. In the illustrated embodiment the slide
318 and associated cells 100 are rotated 180 degrees to be
engaged with the matrix material 330. Alternatively, the
matrix material 300 can be added directly onto the slide 318
without any rotation of the slide 318 and/or the cells 100.

Another approach that can be used for cell patterning is
dielectrophoresis. One way of carrying this process out is by
sandwiching cells between two conductive glass slides. In a
preferred embodiment the slides are pre-coated with indium
tin oxide. A thin layer of insulating material can also be
photomasked onto the bottom slide to form electrodes in the
remaining unmasked areas. An alternating current can be
applied across the top and bottom surfaces to achieve a non-
uniform electric field, which in turn causes cells to cluster
within approximately one to three minutes. After the cells are
put into desired cell assay locations, ultraviolet light can be
used to crosslink the polymer and hold the cells in position.
(Albrecht et al. 2006.) In a preferred embodiment, the cells
can be suspended in a matrix material and positioned in a
single cell array using this method, and then the matrix mate-
rial can be chilled to solidify the matrix material and thus the
celllocations. Adjustments of the cell concentration allow the
spacing between the cells in the array to be substantially
uniform.

Alternatively, printing methods can be used to associate the
cells and the matrix material. In one embodiment the cells can
be printed directly onto the matrix material or onto a surface
that can be adhered to the matrix material. In another embodi-
ment the cells can be printed onto a solid surface and be
subsequently submerged into a molten gel, such as low melt-
ing temperature agarose, to then be solidified into desired
locations. One way in which the cells can be arranged into
desired locations is based on each cell’s ability to bind to a
pattern of molecules that are arranged on the solid surface.

Using the methods taught herein, as well as a number of
other methods that can also be used to create cell arrays,
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allows for thousands of cells to be patterned in an array, such
as a grid, in and/or on a matrix material. By placing multiple
samples on a single matrix material, result variation from
matrix material-to-matrix material can be significantly
reduced. Further, the methods described herein can be altered
in a variety of ways. For example, in the embodiment illus-
trated in FIGS. 6A-6C, the matrix material 230 could be a
template similar to the template 340 of FIGS. 7A-7D such
that the cells 100 in the troughs 232 are distributed to a
separate matrix material. Similarly, the steps of using a tem-
plate and/or a slide as discussed with respect to FIGS. 7A-7D
can be eliminated such that the cells 100 are distributed
directly to a matrix material, similar to the methods described
with respect to FIGS. 6 A-6C. Further, the method described
with respect to FIGS. 7A-7D can be altered such that rather
than evacuating the cells 100 from the template 340 onto a
slide 318, instead the cells 100 can be evacuated to a cavity of
a cassette and then a matrix material can be added. A person
having ordinary skill in the art would recognize the many
variations of these two methods, as well as a plethora of other
methods, can be used to create arrays in matrix materials. The
number of cell assay locations within a particular matrix
material, and the patterns and designs of the arrays, can be
essentially limitless.

Further, just as a variety of methods can be used to create
cell arrays in a matrix material, a number of methods can be
used to create a matrix material having one or more cell assay
locations. For example, photolithographic molds or tem-
plates, sometimes referred to as masks or stamps, can be used
to help create approximately uniform matrix materials having
microwells of approximately uniform dimensions. Protru-
sions formed as part of the molds or templates can form the
microwells. The masks can crosslink photoresist onto silicon
wafers. In one exemplary embodiment of a mold or template,
protrusions of the template have a pitch of approximately 200
micrometers, a depth of approximately 50 micrometers, and
diameters in the range of approximately 10 to 30 microme-
ters. The template and resulting matrix material can have any
number of desired dimensions and shape, based at least, in
part, on the desired use and desired design. Using a mold or
template to form matrix materials can allow for the formation
of multiple matrix materials that have similar dimensions.
Thus, matrix materials need not be reused in order to create
uniform conditions.

One method for creating a matrix material is illustrated in
FIGS. 8A-8E. As shown in FIG. 8A, a mold or template 440
is provided having one or more features that are configured to
create cell assay locations. In the illustrated embodiment, the
features are protrusions 442 around which a liquid, such as
molten agarose 434, will be solidified to form a matrix mate-
rial 430. The molten agarose 434 is placed on the template
440 and forms around the protrusions 442 such that, once
solidified, the areas occupied by the protrusions 442 are wells
432, shown in FIG. 8B. The resulting matrix material 430 can
then optionally be placed on a base 418 that can be used as the
base of a self-contained electrophoresis assay cassette.

As shown in FIG. 8C, cells 100 can be introduced to the
matrix material 430 such that at least one of the cells 100 is
distributed to at least one of the cell assay locations, e.g., the
wells 432, and the cells 100 are subsequently incubated. The
cells can be incubated in a number of different manners, butin
one embodiment buffers are introduced to the cells to perform
desired actions, such as cell lysis, staining with antibodies,
endonucleolytic cleavage of the nucleic acid at specific types
of lesions, nucleic acid denaturation, and/or electrophoresis.
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Once the desired number of cells 100 are incubated in the
desired number of cell assay locations, the excess cells 100
can be removed by any number of means, as shown in FIG.
8D.

Optionally, as illustrated in FIG. 8E, once the matrix mate-
rial 430 is solidified and the cells 100 are located in the cell
assay locations, a second matrix material 470 can be added to
the matrix material 430 and solidified in a like manner. Alter-
natively, the initial matrix material 430 can be stained. This
second matrix material 470 or staining can provide further
stability to hold the cells 100 in the cell assay locations. By
assuring a substantially uniform matrix material thickness,
and by positioning cells 100 uniformly within the matrix
material 430, a significant reduction in the amount of differ-
ences in the microenvironment that cells 100 experience dur-
ing nucleic acid analysis can be achieved. Further, with
respect to the template 440 of FIG. 8A, a person skilled in the
art will recognize that in other embodiments the template 440
can have features such as inclusions rather than protrusions
such that the liquid to be solidified into a matrix material
forms cell capture sites by contouring around the template
and then removing the template once the matrix material is
solidified to reveal similarly shaped cell capture sites in the
solidified matrix material.

Overall, any of the resulting arrays greatly enhance the
reproducibility and speed of analysis. Arraying cells within a
matrix material reveals the extent to which inhomogeneities
in cellular microenvironments affect the assay. It also allows
forhigh-throughput analysis of cells. By combining these two
techniques, significant improvements in the analysis of
nucleic acid damage and repair can be achieved. The subse-
quent results can then be useful in a wide variety of areas, but
notably can be used to measure the levels of DNA damage in
cells and the repair kinetics following a cell’s exposure. A
further benefit that results from the arrays is that one microw-
ell, which can contain one or more cells, is in very close
proximity to another microwell, which can also can contain
one or more cells. By placing microwells in very close prox-
imity to one another and/or by placing multiple cells within
each microwell, the total surface area required per sample can
be significantly reduced compared to the standard assay,
which in turn facilitates multiplexing of varied samples and/
or conditions, which is further discussed below.

One example of a method for forming a matrix material and
seeding the material with cells is illustrated in FIGS. 9A-9E.
As shown in FIG. 9A, a molten agarose gel 834 having a
standard melting point can be poured onto a sheet of Lonza
Gelbond 818 (manufactured by Fisher Scientific). A stamp
840 having protrusions 842, as also shown in FIG. 9A, can
then be positioned in the agarose gel 834 and the gel 834 can
be allowed to solidify at room temperature, as shown in FI1G.
9B. As the agarose gel 834 solidifies, or once it is solidified,
the stamp 840 can be removed from the gel 834, as shown in
FIG. 9C. The stamp 840 can be removed from the agarose gel
834 using a number of different devices and techniques, for
instance, by using forceps. Phosphate buffer saline can be
added to the agarose gel 834 prior to removing the stamp 840
from the gel 834 to help minimize surface shear caused by
removal of the stamp 840. The matrix material 830 that results
from solidification of the agarose gel 834 includes microwells
832 formed by the protrusions 842 of the stamp 840. The
matrix material 830 can, optionally, be sterilized, for example
by using ultraviolet exposure. As shown in FIG. 8D, cells 100
can be seeded on the matrix material 830. In one embodiment
a concentration of 2x10° cells/ml is allowed to settle into the
microwells 832 of the matrix material 830 for approximately
an hour before excess cells 100 are removed. A number of
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removal techniques can be used, including those discussed
herein, but in this particular embodiment the cells 100 are
removed by aspiration. Optionally, as shown in FIG. 9E, a
second agarose gel can be overlaid over the matrix material
830 and can be allowed to solidify to form a second matrix
material 870. The second agarose gel can have a low melting
point (such as 37° C.) to help limit or prevent the cells 100
from escaping. In one exemplary embodiment, solidification
of the second agarose gel can occur at 4° C. The resulting
configuration can then be incubated in media overnight,
which can allow the cells 100 to recover from any stress
endured during handling. Methods for analyzing the cells 100
can then be performed, some of which are discussed herein.
In some embodiments, a plurality of matrix materials can
be layered on top of each other to further expand the capa-
bilities of the described methods, devices, and systems to
allow even more analyses to occur in a single cassette. More
particularly, layering matrix materials at least partially on top
of'each other increases the number of assays that can be run at
one time regardless of whether a cassette is used. Each matrix
material can include cell assay locations, and by layering the
matrix materials the speed and types of analyses that can be
performed are enhanced. In one embodiment, illustrated in
FIG. 10, a divider 520 can be placed on top of a matrix
material 530 that has cells 100 distributed to cell assay loca-
tions of the matrix material 530. The divider 520 can assist in
atleast partially stacking additional matrix materials on top of
the first matrix material 530, although disposing a divider
between matrix materials is optional. The divider 530 can be
made of any number of materials, and can have any shape or
size depending on the desired use and the number of subsec-
tions desired in the resulting apparatus. The surface area
designated by the dividers can be large enough to encompass
sufficient space for cells within one unit area to be analyzable
following electrophoresis. In an exemplary embodiment the
divider 530 is made from material that prevents cells 100 from
moving from one section of the matrix material 530 to another
section of the matrix material 530 or to another matrix mate-
rial entirely. By way of non-limiting examples, such a mate-
rial includes polypropylene or any other plastic material,
solid, or mesh material. In a further exemplary embodiment,
the divider 530 is substantially rectangular in shape, and has
a length in the range of approximately 100 millimeters to 100
centimeters, a width in the range of approximately 1 millime-
ter to 100 centimeters, and a thickness in the range of approxi-
mately 0.01 millimeters to 10 millimeters. Further, in lieu of,
or in addition to having a plurality of matrix materials, mul-
tiple layers can be disposed in a single matrix material.
Turning attention back to the cassette 10 as a whole, the
cassette 10 can be constructed in any number of ways, but in
the illustrated embodiment of FIGS. 2A-2C the gasket 20 is
disposed between the top and bottom slides 16, 18. As seen
particularly in FIG. 2B, the matrix material 30 is disposed in
the cavity 14 formed by the gasket 20 such that it is sand-
wiched between the two slides 16, 18. Although the matrix
material 30 does not need to fill the entire cavity 14, when the
desire is to create a matrix material 30 having a substantially
uniform thickness it can be advantageous to fill the entire
cavity 14 such that the thickness is substantially uniform
between parallel slides 16, 18. The introduction of the matrix
material 30 into the cavity 14, as well as the cells 100, can be
accomplished in any number of manners, but in one embodi-
ment they enter by way of the opening 50. The order in which
they enter is generally not important, for example the matrix
material 30 can be introduced first and then the cells 100 can
be added, or alternatively they can both be mixed together
prior to introducing both into the cavity 14. Once both the
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matrix material 30 and the cells 100 are disposed in the cavity
14, the cassette 10 can be briefly chilled to allow the matrix
material 30 to solidify and the cells 100 to solidify their
locations within and/or on the matrix material 30. In one
embodiment the cassette can be chilled at approximately 39
degrees Fahrenheit for approximately 30 minutes. In an
embodiment where an opening to access the cavity 14 is large
enough to accept a solidified matrix material, for instance
when a top portion of the housing 12 is removable, the matrix
material 30 and cells 100 can be solidified prior to introducing
either into the cavity 14.

In some embodiments the cassette 10 can also include a
fluid delivery system configured to introduce one or more
reagents or buffers into the cassette 10. In the embodiment
illustrated in FIGS. 1 and 2A-2C, the opening 50 can be used
as a fluid delivery inlet port, and a second opening 52 can be
used as a fluid delivery outlet port. Generally, the inlet port is
configured to receive a fluid into the cavity 14 and the outlet
port is configured to remove a fluid from the cavity 14. In the
illustrated embodiment the outlet port is configured to exert a
negative-pressure to suction the fluid out of the cavity 14,
although a person skilled in the art would recognize a number
of other techniques that can be used to remove the fluid from
the cavity 14. Further, although it is preferred that the fluid
that is introduced into the cavity 14 is removed from the
cavity 14, it does not have to be removed. Removal of the fluid
tends to lead to more accurate results though as the fluid can
affect the substantially uniform nature of the self-contained
electrophoresis assay cassette 10. However, as discussed in
further detail below, in some embodiments it can be desirable
for the fluid to remain in the cassette 10 and/or become part of
the matrix material 30. Any number of fluids can be delivered
to the cavity 14.

In one exemplary embodiment, a fluid that both promotes
lysis and unwinds the nucleic acid is used. Alternatively,
separate fluids for lysing and unwinding can be used. Gener-
ally, the fluid for promoting lysis is a neutral buffer while the
fluid that unwinds the nucleic acid is an alkaline buffer. Vari-
ous types of detergents, such as triton X100, sodium lauryl
sarcosinate, and sarkosyl, can be effective to promote lysis of
the cells. By varying the pH of the fluid applied to the cells
being analyzed, it is possible to tune the assay to be differen-
tially sensitive to different classes of DNA lesions. For
example, a neutral comet assay can be more effective to
reflect the levels of double strand breaks, while an alkaline
comet assay can be more effective to detect single strand
breaks and alkali sensitive sites. Alkaline conditions gener-
ally provide greater sensitivity to environmental conditions.

In the interest of standardization, however, it is generally
preferred that the amount of detergents or other fluids that are
use in the self-contained electrophoresis cassette 10 be stan-
dardized, either through procedures or automation, across
similar assays. For example, currently the amount of deter-
gent used ranges from about one-half to two percent, resulting
in broadly differing concentrations for any one test. By stan-
dardizing the amount and type of reagents used, the results
from various tests across laboratories or tests within the same
laboratories can be greatly improved. Other fluids can also be
introduced into the cavity 14, for instance enzymes. The
introduction of enzymes can convert damaged bases into
single strand breaks, thus making it possible to directly assess
the extent to which conditions lead to formation of certain
classes of base lesions. In fact, the base lesions can even be
quantified using systems, devices, and methods described
herein, which in turn assist in knowing the cost-benefit of
keeping or removing a particular DNA lesion for a particular
person. In one embodiment, the cassette 10 can be modified to
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allow “flow-over” of solutions that contain various concen-
trations of DNA damaging agents. Such an embodiments
makes it possible to perform DNA damage and repair assays
on embedded cells. As an alternative, or in addition, to allow-
ing “flow-over” of solutions, DNA damaging agents or other
chemicals can be printed on the surface or allowed to diffuse
into the matrix material 30 for specified time increments. For
example, one or more chemicals can be printed on a mem-
brane and the membrane can come into contact with a surface
of'the matrix material 30, thereby allowing one or more of the
chemicals to diffuse into the matrix material 30. Alterna-
tively, chemicals can be mixed into a gel to create a printed
array of gel droplets, each containing a different component,
as further provided below. These components can be chemi-
cals at various concentrations, different types of chemicals,
and/or different types of biologically active materials.

While the fluid can be used to lyse and unwind the nucleic
acid, it can also be used to supplement and/or ultimately
replace the material(s) that form the matrix material 30. More
specifically, by flowing different fluids over a top surface of
the matrix material 30, existing material of the matrix mate-
rial 30 can be replaced by material from the fluid. This in turn
allows for the cells 100 to be disposed in one or more types of
materials, buffers, and reagents, and further, in materials,
buffers, and reagents in which the cells 100 were not origi-
nally disposed. For example, a fluid can contain enzymes that
modify the DNA, such as by endonucleolytic cleavage at sites
of'specific DNA lesions. Using the fluid to alter the properties
of the matrix materials 30 allows for a wide range of tests to
be performed that can not easily be performed using standard
assays.

The flow of fluid from the inlet port to the outlet port can be
achieved by manually introducing the fluid into the inlet port,
or alternatively, by robotically controlling the flow of fluid
between the inlet and outlet ports. It is generally preferred to
automate the process robotically both to improve the stan-
dardization of such analyses and in particular to generate
uniformity in reagent exchange. Similar to subtle changes in
temperature and incubation times, even subtle changes in salt
concentrations within a reagent has been shown to cause
significant effects to the results of assays. (See Olive et al.
1992, Fairbairn et al. 1995, Klaude et al. 1996, and Hartmann
etal. 2003.) In another embodiment, fluid can be placed onto
a surface of the matrix material 30 using a robotic spotter.

Further, either before of after the matrix material 30 having
cells 100 distributed to cell assay locations of the matrix
material 30 interacts with the fluid delivery system, an addi-
tional layer of material can be introduced over the top of the
matrix material. In some embodiments, this is a second
matrix material, as discussed above with respect to FIGS. 8E
and 9E and the second matrix materials 470, 870, respec-
tively. The material can prevent cells from escaping from the
matrix material 30, which can occur, for instance, when sheer
forces from a fluid pass over a surface of the matrix material
30 and subsequently dislodge cells from recesses of the
matrix material 30. The additional layer of material can be
made of any of a number of materials, including agarose gel,
a mesh including agarose, or any other material that is per-
meable such that fluids above the surface can penetrate to
reach the cells embedded in the matrix material 30. When
such material is added after the fluid is delivered to the cas-
sette 10, this can allow for a final analysis to be generally
performed using epifluorescent microscopy. Accordingly, it
is preferred that the material of the additional layer does not
interfere with image analysis. However, while the current
analysis of DNA migration is performed using fluorescence,
alternative methods can be applied to detect DNA migration,

10

15

20

25

30

35

40

45

50

55

60

65

22

for example antibodies can be bound to the DNA and the
antibodies can carry cargo that can be detected with means
other than imaging, such as radioactivity.

Generally, if a cassette like the cassette 10 in FIG. 2B is
used such that the matrix material is sandwiched by the top
and bottom layers, once the matrix material is solidified, the
gasket 20 can be removed and replaced with the gasket 22,
which has a larger thickness and thus allows fluid to be
introduced into the cavity 14. Alternatively, the gasket 20 can
be configured such that its height can be expanded. In another
embodiment, sufficient space can be left in the initial con-
struction of the cassette 10 such that no such substitution or
expansion is needed to allow fluid to be introduced into the
cavity 14. As illustrated in FIG. 2C, running the fluid across
the matrix material 30 causes convection and diffuses the
matrix material in a generally downward direction. Once the
fluid has been run through the cavity 14, the electrophoreses
matrix material 30 is ready to be analyzed, a process which
will be discussed in further detail below.

As an alternative to a fluid delivery system, one or more
applicators can be used to introduce one or more reagents to
the matrix material. The matrix material can be disposed in a
cassette or areceptacle as described above, and the applicator
can be any number of devices configured to apply a fluidto a
desired location. In one exemplary embodiment the applica-
tor is a pipette. In embodiments that use two or more appli-
cators to introduce two or more reagents, the applicators can
be the same applicator or they can be different applicators,
although it is generally preferred to use a second and separate
applicator such that any residue from the first applicator and/
or the first reagent does not mix with the second reagent. The
reagents used can be the same reagent or different reagents,
depending on the desired testing protocol and analyses that
are being performed. Like many of the disclosures herein,
variations related to the types of materials used, the designs of
the devices and methods, etc. will depend on what the user is
attempting to analyze, and the methods, devices, and systems
taught herein provide a great deal of versatility in that respect.

Once the fluids are run through the cassette 10, the matrix
material 30 can be removed from the cassette 10 and
immersed in an electrophoresis chamber. The matrix material
30 can be removed using any number of methods, for instance
by removing any layers above the matrix material 30 (e.g., the
top slide 16 and the gasket 22 in FIG. 2C). When the matrix
material 30 is coupled to a bottom layer, such as the bottom
slide 18, if the layer is transparent it does not need to be
removed, although it can be if configured to do so. Alterna-
tively, electrodes can be incorporated into the cassette 10, as
discussed above and further below, which in turn allows elec-
trophoresis to be performed within the cassette 10 without
removing the matrix material 30.

One of the benefits of a self-contained electrophoresis
assay cassette is that it allows for various conditions to be kept
uniform across tests, whether performed by the same or dif-
ferent individuals or the same or different laboratories. For
example, the cassette 10 can control the thickness of the
matrix material 30 such that the cells 100 can be aligned by
sedimentation prior to solidifying the matrix material 30, and
additionally, the fluid flow can be integrated and controlled
robotically so that uniformity is created in the reagent
exchange. The cassette 10 also allows the samples to be
protected from inadvertent DNA damage that can be occur,
for instance, exposure to ultraviolet light that can occur dur-
ing sample handling. In addition to some of the standardiza-
tion techniques already discussed herein, the cassette 10 can
further include additional features to make a more uniform
environment. For example, temperature control microdevices
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can be included in the cassette 10 to regulate the temperature
inside the cassette 10 throughout the duration of'its use. Such
devices can reduce the time for incubation steps because
membrane lysis and DNA denaturation can be accelerated by
higher temperatures, which can be created by such tempera-
ture control microdevices. By way of further example, oxy-
gen tension can be controlled, which is particularly advanta-
geous because in current comet assays exposure to oxygen
tension of ambient air can introduce undesirable DNA dam-
age.

Further, electrical fields or electrodes can be engineered
into the cassette 10 so that electrophoresis can be performed
on-chip, thus allowing the electrophoresis process to be sub-
stantially standard between all cassettes. Not only does this
allow for improved standardization, but it can also allow for a
faster, more sensitive assay. Currently, traditional comet
assays run at a specified voltage. In light of the present dis-
closures, the voltage and/or amperage can be modulated to
potentially speed up the assay and/or increase the sensitivity
of the assay. Pulsed field electrophoresis conditions can be
applied to increase the tail lengths and thus increase the
sensitivity of the assay. Still further, because of the constitu-
ency and reliability of the cassette 10, it also creates much
more uniform incubation times for running the assays. It is
widely recognized that inconsistent incubation times can
drastically affect the results of the assays. Nevertheless, a
person skilled in the art will recognize that while the cassette
10 greatly improves the uniform nature of running an elec-
trophoresis assay, completely removing variations that exist
between tests is virtually impossible.

A further benefit of the cassette 10 is that it can be produced
relatively cheaply and efficiently, which in turn makes it
useful as a disposable cassette. A disposable cassette further
enhances standardization because each cassette is new and no
materials from a previous assay can be located in the cassette
to cause unwanted noise.

In one exemplary embodiment of a self-contained electro-
phoresis assay cassette, the cassette is substantially auto-
mated. A matrix material having cell assay locations with
cells disposed at least partially therein can be automatically
created by mixing and solidifying the matrix material in an
automated fashion either outside or inside the cassette. Place-
ment of the matrix material having cells disposed at least
partially therein can be performed by a machine or robot, and
then arraying, processing, staining, and analyzing the cells of
the matrix material can all be performed using automated
devices. Such automation reduces the amount of labor needed
to run assays, increases consistency of the assays, and
increases throughput.

In one embodiment, a self-contained electrophoresis assay
cassette can be connected to a shunt system. The shunt system
can be configured to remove one or more cells from a loca-
tion, circulate the cells to the cassette for analysis thereof, and
then remove the cells from the cassette, back through the
shunt, to return them to a desired location. Such a system
preferably includes a cassette that is configured for automated
analysis. The system is useful in a variety of capacities, but
particularly for analyzing tumor cells.

There are additional benefits of using a self-contained elec-
trophoresis assay cassette worth noting. For example, the
matrix material 30 does not need to be removed from the
cavity 14 after it has been run and stained. Because the matrix
material 30 is generally fragile and complications can arise in
handling the matrix material 30, reducing the amount of
handling of the matrix material 30 is desirable because results
in less damaged and unusable matrix material 30. Accord-
ingly, fewer matrix materials are damaged and materials to

10

15

20

25

30

35

40

45

50

55

60

65

24

form the same are conserved. This is in addition to the fact that
less material can be used to form each matrix material in light
of'the disclosures herein. Further, because the cassette 10 can
create a substantially uniform, thin matrix material 30, which
is generally conducive to enhanced electrophoresis perfor-
mance, the separation of very high molecular weight DNA
can be improved because the resulting signal-to-noise ratio is
improved. A thinner matrix material also significantly
reduces incubation times. While in previous comet assays the
density of the matrix material had to be sufficiently high to
assure that it stayed intact during manipulation, an enclosed
chamber allows for a lower density matrix material because
such manipulations are less frequent and less traumatic. Still
further, because the cassette 10 has the capacity to run buffers
over the surface of the matrix material 30, gradient conditions
can be applied that may improve assay sensitivity.

Just as a self-contained electrophoresis assay cassette pro-
vides many benefits, especially with respect to standardiza-
tion of assay measurements, matrix materials having desired
arrays also greatly improve assay measurements. Aside from
some of the benefits already discussed with respect to speed
and efficiency based on the number of samples that can be
analyzed at a time and standardization based on being able to
locate samples at uniform locations during various tests, one
of the greatest benefits afforded by matrix materials having
desired arrays is the flexibility of tests that can be performed.
Some examples of these testing procedures that can be used in
light of the teachings herein include: testing the response of
the same cell type from the same person to the same reagent
(to determine any anomalies for instance); testing the
response of the same cell type from multiple people to the
same reagent; testing the response of multiple cell types from
the same person to the same reagent; testing the response of
the same cell type from the same person to multiple reagents;
testing the response of the same cell type from multiple
people to multiple reagents; and testing the response of mul-
tiple cell types from multiple people to multiple reagents. The
testing of multiple cells and/or multiple conditions on the
same matrix material is highly desirable from both an effi-
ciency and a consistency standpoint. Further, locating cells in
an array allow a higher percentage of cells to be analyzed
because there is not a problem of tails from one cell overlap-
ping with another cell. Still further, because multiple samples
can be run at the same time, the disclosures herein allow the
effects of time to be more easily analyzed. More particularly,
by running multiple samples at the same time and comparing
similar samples run at a different time, the effect of time on
the cells can be compared more accurately because now mul-
tiple results can be generated for one time period.

As discussed above, in some embodiments matrix materi-
als can be layered at least partially on top of each other. Not
only does such a set-up allow for increased speed and effi-
ciency, but it also allows for additional types of tests to be
performed, for instance tests related to the study of cell-to-
cell interactions. One example of a cell-to-cell interaction test
includes disposing a first matrix material having a sample of
cells distributed to cell assay locations of the matrix material
located on top of a second matrix material having a sample of
cells distributed to cell assay locations of the second matrix
material to investigate the impact of cell proximity on DNA
damage and repair in adjacent or nearby cells. In one exem-
plary embodiment for studies of primary cells, such as hepa-
tocytes, stromal cells can be integrated so that DNA repair can
be assessed in primary hepatocytes that behave in a manner
that is more consistent with the in vivo conditions. Any num-
ber oflayers of matrix materials can be used, and layers can be
added and subtracted from any location as desired. Further, in
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lieu of, or in addition to using individual layers, a single
matrix material can have multiple layers of cells disposed
therein.

One exemplary method of multiplexing for performing the
types of tests discussed above is illustrated in FIG. 11A. A
multi-site matrix material 630 having a plurality of cells 100
captured on it is provided. An overlay 690 that is configured
to have one or more testing reagents, drugs, and/or hydrogels
disposed thereon is also provided. In the illustrated embodi-
ment the overlay 690 includes four different hydrogels 694a,
6945, 694c, and 694d, each containing a different testing
reagent, and each of which is optionally located on a separate
region of the overlay 690. By providing multiple types of
testing reagents, the multiplexing becomes addressable, that
is, different reagents can be targeted to different cell types.
The hydrogels 694a, 6945, 694¢, and 694d can be applied to
the overlay 690 in a number of different manners, but in the
illustrated embodiment a pipette 696 is used to apply the
hydrogels 694a, 694b, 694c¢, and 6944 in a bead configura-
tion. In alternative embodiments the testing reagents can be
disposed in one or more larger hydrogels that can then be
applied to the matrix material 630 at least in a similar fashion
as the illustrated embodiment. Once the desired number of
testing reagents is disposed on the overlay 690, the overlay
690 can be applied to at least a portion of the matrix material
630, for instance by flipping the overlay 690 onto the matrix
material 630 as illustrated by arrow R. Flipping the overlay
690 onto the matrix material 630 can allow the reagents to
diffuse from the hydrogels 694a, 6945, 694c, and 6944 and
into the cells 100 on the multi-site matrix material 630. Tests
can then be performed to determine the effect of the reagents
on the cells 100.

Another method of multiplexing for performing the types
of tests discussed above is illustrated in FIG. 11B. A multi-
site matrix material 630' having a plurality of cells 100 cap-
tured on it is provided. An overlay 690' configured to allow
one or more testing reagents 694' to be applied to one or more
of the cells 100 on the matrix material 630' can be located
above the matrix material 630'". In the illustrated embodiment
the overlay 690' includes a plurality of macrowells 692' that
allow the reagent 694' to pass through the overlay 690' and
onto cells 100 of the matrix material 630'. Although macrow-
ells 692' are used in the illustrated embodiment, any number
of'designs to achieve the same purpose can be used, including
microwells that substantially align with desired capture sites
located on the matrix material 630'. The reagent 694' can be
applied to the overlay 692' by any number of applicators,
including for example a pipette 696'. The overlay 692' can be
moved in any desired direction, for example direction D as
illustrated, to apply the reagent 694' to the cells 100 on the
matrix material 630'. Movement of the overlay 692' allows the
reagents 694 to be selectively applied to various portions of
the matrix material 630" and to various cells 100 in particular.
In one embodiment drug-bearing hydrogels can be located
near the overlay, or even in the macrowells 692, to allow
reagents from the drug-bearing hydrogels to be easily applied
to the overlay 690', and subsequently the cells 100 on the
matrix material 630'.

These two general multiplexing methods allow for mul-
tiple reagents to be tested on a multi-site matrix material in a
plug-and-play fashion. In still another embodiment no over-
lay is used and the reagents are robotically spotted directly
onto a multi-site matrix material like the matrix materials
630, 630". A robotic-spotting system, such as the PixSys
non-contact liquid handling system from Digital Genomic
Solutions, includes unique features that are useful for a fully-
multiplexed DNA damage and repair assay. Such a system
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allows the creation of arrays of DNA damaging agents, cov-
ering a wide range of solutions from aqueous to solvent-based
small molecules. In one embodiment the system has two
independently controlled liquid channels, which allows for
the creation of custom combinations of reagents to be used to
understand the complex synergistic effects of combined
exposures. (Lee et al. 2005 and/or 2008) Such a system can
spot 50 or more matrix materials in one run, which enables
relatively large-scale studies. Additionally, because these sys-
tems utilize non-contact spotting, the overlays 690, 690' can
be eliminated such that the reagents can contact the matrix
material 630, 630" without damaging it.

FIG. 12 illustrates a further exemplary method for testing
various responses of cells to various exposure conditions by
multiplexing. A multi-site matrix material 730 having a plu-
rality of cells 100 captured on it is provided. Located above
the matrix material 730 is a template that is configured to
selectively regulate exposures of the cells 100 to one or more
conditions. In the illustrated embodiment the template is a
shield 790 configured to block exposure conditions generated
by an electromagnetic radiation source 794. The shield 790
can be moved inadesired direction S to selectively control the
amount of exposure particular cells 100 on the matrix mate-
rial 730 experience. Various cells 100 can thus be exposed to
various exposure doses, and then once exposure is complete,
the matrix material 730 can be placed in a lysis solution so a
comet assay can be conducted. Movement of the shield 790
can be done manually or it can be automated, and like any of
the testing procedures discussed herein, such movement is
performed based on the desire of the user. In one embodiment
the template is made of lead and the electromagnetic radiation
source provides x-rays. Alternatively, the template can have
one or more designs incorporated into it such that some cells
are exposed to the radiation source while others are not when
the template is located in a particular position. A user can
adjust the particular position of the template based on the
intended use of the system. While this system and method is
described with particular reference to conditions created by
electromagnetic radiation, other conditions could also be
used with this system, such as reagent delivery.

One useful application of the systems, devices, and meth-
ods disclosed herein is for use as a biomarker of inflamma-
tion. This is at least because reactive oxygen and nitrogen
species are known to induce DNA damage, and thus the
systems, devices, and methods can be configured to assist
with inflammation issues. Another useful application of the
systems, devices, and methods disclosed herein is applying
them to determine how a minority population of cells
responds to DNA damage. More specifically, the systems,
devices, and methods disclosed allow for a single cell to be
tested amongst a great many number of cells, meaning its
reaction alone can be tested without being masked by a major-
ity of cells that only get tested because of the time it takes to
run a single assay using current systems, devices, and meth-
ods.

Still a further useful application of the systems, devices,
and methods disclosed herein is using them to evaluate the
effect of cell cycle phase on the results of some of the meth-
ods. Cell cycle phase can be evaluated by assessing the total
amount of DNA per cell or by cell cycle specific staining
techniques, such as Bromodeoxyuridine. This information
can be overlaid so that the extent of DNA damage is evaluated
at specific cell cycle stages. On a related note, the slide can
potentially be registered so that image analysis can be done at
various times during an analysis. For example, a mixture of
cell types can be placed into wells, can be stained for particu-
lar markers, and can subsequently be analyzed for DNA dam-
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age levels. By aligning the registration, specific wells can be
analyzed for different characteristics at different times. As a
result, it is possible to assess DNA damage levels among cells
within a mixed population of cell types. In one application,
many cell samples can each be labeled with a different tag,
such as g-dots or Celltracker dyes. Each cell within the array
can be evaluated for specific markers, subsequently cells can
be lysed, and electrophoresis can be run. Spatial encoding
allows correlation between specifically tagged cells and their
DNA damage levels. With respect to overlaying cell type
information with DNA damage and repair information, one
example of use can be found in a population of cancer cells
where cancer stem cells can be labeled and analyzed for their
levels of DNA damage and/or repair capacity. Some
examples of cancer cells that can be analyzed include ovarian
carcinoma cells lines such as OV35, OVS, and SKOV-3x. In
one exemplary embodiment, ovarian carcinoma cell lines can
be located at cell capture sites on a matrix material and their
response to a particular chemical, such as AP endonuclease 1,
can be tested. AP endonuclease 1 has been shown to have the
potential as an anti-cancer target, and tests to determine its
usefulness with respect to various cancer types can be useful.
Other chemicals and treatments can likewise be tested
quickly and efficiently using the systems, devices, and meth-
ods discussed herein.

Yet another useful application of the systems, devices, and
methods disclosed herein is using them in conjunction with
drug discovery. For example, DNA repair inhibitors can be
analyzed. Different cells can be disposed on a matrix material
and various DNA repair inhibitors can be tested on various
cells to test their effectiveness. This can be particularly useful
in cancer chemotherapy, where DNA repair inhibitors have
been shown to be effective in treatment.

Whether using a self-contained electrophoresis assay cas-
sette, a matrix material, or any other device, system, or
method discussed herein, once the cells disposed on a matrix
material have been exposed to one reagent, electrophoresis
can be performed on the cells. Generally this involves apply-
ing an electric field to the assay such that the portions of the
nucleic acids that are damaged or repaired migrate away from
the central portion of the cells. Typically the nucleic acid is
negatively charged and the electric field is positively charged.
The central portion of the cells, which generally consists of
undamaged DNA, is supercoiled and highly compact, while
the damaged and/or repaired portions generally become
relaxed loops or fragments after the reagent is applied to the
cell. As a result, the relaxed loops or fragments generally
more readily migrate than the supercoiled portions within the
nucleoid, which in turn results in the comet-shaped image.
The two characteristics that generally dictate the level of
travel for the damaged and/or repaired portions are the size
and superhelicity of the fragments. Applying fluorescence to
the resulting matrix material can then reveal images such as
the ones shown in FIG. 13. More particularly, FIG. 13 illus-
trates a partial result from an electrophoresis analysis per-
formed on a matrix material having a grid array like the grid
132 of the matrix material 130 of FIG. 3. Each cell generally
looks like a comet 200 having a bright nucleoid 202 repre-
senting the undamaged portion and a comet-like tail 204
representing the damaged and/or repaired portions of the
nucleic acid. Depending on the conditions and desired testing
procedures, the assay can be optimized to detect double
strand break, single strand breaks/alkali sensitive sites, and
certain classes of DNA base lesions.

A variety of methods can be used to collect and analyze the
data resulting from the electrophoresis being performed on
the cells of the matrix material. In some instances, a user can
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visually classify the results, although in a preferred embodi-
ment the matrix material is analyzed using image analysis
software to classify the results, for instance be assessing the
extent to which DNA has been pulled away from each nucle-
oid. More specifically, the data from the matrix material can
be scanned using a 20x objective, isolating single cells, and
bringing them into focus. The user can then select the area of
the image desired for further analysis using a software pro-
gram, such as Komet 5.5. To use the Komet 5.5 program, a
“region of interest” window is overlayed onto the fluorescent
nucleus and the software program automatically assess the
area, identifies the region of high density, i.e. the nucleoid,
and attains a density plot in which the brightest region is
considered to be the center. The program then applies a sym-
metry parameter that defines the edges of the nucleus using
the assumption that the nucleus is symmetrical, in which case
the comets need to be pre-oriented in the appropriate direc-
tion. The program then defines a preset region of predeter-
mined size above the nucleus and it considers this region as
being “background” signal. After excluding the nucleus, the
program then queries the area where the tail is expected to be
located to ascertain pixels that are significantly above back-
ground levels of fluorescence. It then analyzes the comet for
a variety of parameters, including optical density, tail length,
percentage of total optical density present in the tail, etc.
Generally the Olive Tail Moment, which is discussed in more
detail below, is plotted in most experiments.

While the Komet 5.5 program typically uses a symmetry
parameter, such a restriction is not necessary in light of the
disclosures herein. Analysis of the migration of nucleic acids
can be analyzed independently of symmetry of the nucleoid.
For single cells, the shape of the nucleus can be affected by
the size and/or shape of the microwell, thus distorting the
nucleoid and rendering traditional image analysis programs
obsolete. For microwells, image analysis can be performed
under conditions that do not apply a symmetry parameter and
instead take into consideration the addresses and edges of the
microwells (or other type of cell assay location). Further,
spatial patterning provides the ability to perform bulk-image
analysis such that the extent to which nucleic acids have
migrated away from multiple microwells can be assessed as a
single parameter. Image analysis can be significantly expe-
dited by bulk processing of comet tails from multiple cells.
Additionally, bulk processing reduces the volume of data that
is processed per sample.

An optical imaging station is an alternative mechanism that
can be used to collect and analyze data. An optical imaging
station is capable of automatically collecting data, thereby
avoiding tedious steps such as isolating single cells and bring-
ing them into focus. For example, Metasystems has combined
a microscope, a robotic platform that can be programmed to
move in the X, y, and z directions, and specialized computer
software together into a single image analysis platform. This
imaging platform is capable of automatically analyzing thou-
sands of comets in light of the disclosures herein. This equip-
ment scans a specified area, identifies fluorescent nucleoids,
creates addresses for each nucleoid, and then returns to each
nucleoid and automatically focuses and collects an image. It
then automatically overlays the appropriate analysis frame-
work and compiles the data into a spreadsheet. What can take
an average person about 30 minutes to accomplish can be
reduced to under 3 minutes. Simply by combining many
comet assays as produced by the disclosures herein and
applying this type of analysis platform, it can be feasible to
analyze every well of a 96 well plate automatically, and can be
accomplished in the same amount of time that analysis of a
single sample can require.
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Similar to the Komet 5.5 program, traditional image analy-
sis is also improved upon as a result of the disclosures herein.
Physical placement of cells in a microwell permits new meth-
ods for analyzing nucleic acid migration. For example, rather
than using the nucleoid as the reference point for the distance
of tail migration, the microwell itself can be used as a refer-
ence point. Further, to facilitate analysis, fluorescent particles
that do not migrate a significant amount during electrophore-
sis can be added to the microwell such that the perimeter of
the well can be evaluated as a parameter when considering the
amount of nucleic acid and the distance traveled by the
nucleic acid away from the microwell.

In one embodiment automated image analysis of arrayed
cells can be achieved with the use of a program configured to
provide image analysis and a microscope in conjunction with
the methods and devices disclosed herein. While Komet 5.5 is
discussed above as one example of such a program, in another
program the present invention allows for more accurate read-
ings of arrayed cells, and even allows for accurate readings in
instances when multiple cells are located in a single well of a
matrix material. This is at least because microwells formed in
a matrix material can provide a useful marking location for
image analysis. As illustrated in FIG. 14A, a comet 200
having a bright nucleoid 202' representing the undamaged
portion and a comet-like tail 204' representing the damaged
and/or repaired portions of the nucleic acid can result from
applying fluorescence to a resulting matrix material as dis-
cussed with respect to FIG. 13 above. A line IP illustrates the
division between the nucleoid 202" and the tail 204'. As illus-
trated in FIG. 14B, an inflection point in the intensity of the
comet 200' occurs at the exact same location where the nucle-
oid 202' is separate from the tail 204", as shown by line IP.
Precisely locating the line IP to separate the nucleoid 202'
from the tail 204' necessarily leads to more accurate measure-
ments. More specifically, because of the wells of the matrix
material, an inflection point is formed at the precise location
where the nucleoid 202' and the tail 204' of the comet 200
split.

An unexpected interface occurs between the inside of the
well and the edge of the well that causes the inflection in DNA
intensity. This inflection point offers a powerful advantage for
automated image analysis because it provides accuracy never
experienced before. Use of this noticeable inflection point can
prevent incorrect analysis of comets and thus can reduce or
eliminate the time-consuming step of identifying by eye mis-
analyzed comets that should be removed from a data set. A
person skilled in the art will recognize the importance of
removing misanalyzed comets from a data set in order to have
accurate results. Additionally, use of the inflection point pro-
vides the ability to analyze wells having multiple cells dis-
posed therein. Combining these findings with a microscope,
such as a Nikon automated fluorescent microscope, can allow
for fully automated imaging and analysis.

In one exemplary embodiment a first program scans 10x
resolution images for objects defined by a threshold intensity.
Objects that fall outside the defined microwell matrix or that
are too close to the edge are eliminated as debris while the
arrayed comets are cropped for individual analysis. A second
program can then use a line intensity plot, as illustrated in
FIG. 14B, to score the resulting comets for a variety of param-
eters, for example percent DNA in the nucleoid or head, the
percent DNA in the tail, the Olive tail moment, and the tail
length. The nucleoid diameter can be determined as the local
minimum of the first derivative of the intensity plot, taking
advantage of the fixed well size to provide a predictive search
window. Comets that are unable to be analyzed can be
screened using pre-determined thresholds, which can be cre-
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ated, for example, by relying on training sets produced by a

manual version of image analysis.

Automated programs used in conjunction with a micro-
scope can dramatically decrease process and analysis times,
take advantage of spatial encoding to screen out debris, and
calculate nucleoid diameters through calculus-based edge
finding. Instead of one image per comet, a lower magnifica-
tion image can be used and nine or more comets per image can
be analyzed. This not only increases efficiency, but it also
reduce memory demand. Further, the use of the automated
programs can eliminate inherent bias and errors that can
occur using manual comet selection analysis programs by
automatically selecting comets from the defined array. The
selection of comets can be helped by the fact that the configu-
rations of the matrix materials and arrays discussed herein
can be defined by labeling and spatial encoding. Still further,
the automated programs can be tied into a user interface that
also has automated data analysis capabilities to provide fur-
ther ways to use the data provided by the systems, devices,
and methods discussed herein.

Other methods of DNA imaging can also be used in con-
junction with the present disclosures. For example, DNA can
be stained with ethidium bromide, or alternatively it can be
stained with SYBR green, Fluorescein Isothiocyanate conju-
gated antibodies, or other useful molecules. Furthermore, the
use of various fluorescently tagged antibodies can permit the
analysis of certain DNA structures, such as single stranded
DNA, which is increasingly recognized as an important indi-
cator of genomic damage.

Preferably any analysis of the matrix material is directed to
atleast one of the following three parameters: the Percent Tail
DNA, which is simply a measure of how much of the DNA is
in the tail compared to the “head” or nucleoid of the assay; the
tail length, which is generally measured in microns, and the
Olive Tail Moment, which is a calculation that combines the
two aforementioned  parameters—OliveTailMoment=
(TailMean-HeadMean)xPercent TailDNA/100 (Burlinson et
al. 2006.) Even with the more standardized, uniform testing
resulting from the systems, devices, and methods discussed
herein, it is important to realize that each cell is unique and
thus even from cell to cell in a standardized system there can
be variations in the value of the tail moment. This is the case
for a comet assay, regardless of the method, the conditions, or
the cell type. The disclosed systems, devices, and methods,
however, significantly reduce these variations both by creat-
ing a more uniform local environment to provide more accu-
rate results and by allowing more tests to be run in a short
period of time, thereby providing more data be analyzed and
further improving accuracy.

Further, materials related to the methods, systems, and
devices disclosed herein include the following, each of which
are hereby incorporated by reference in their entireties:
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One skilled in the art will appreciate further features and
advantages of the invention based on the above-described
embodiments. Accordingly, the invention is not to be limited
by what has been particularly shown and described, except as
indicated by the appended claims. All publications and refer-
ences cited herein are expressly incorporated herein by ref-
erence in their entirety.

What is claimed is:

1. A method for analyzing a nucleic acid, comprising:

disposing at least one cell having DNA to be analyzed into

each of a plurality of spatially-defined cell capture loca-
tions formed in a solidified matrix material;
positioning an overlay over the matrix material;

utilizing the overlay to apply at least one reagent to at least

one cell capture location of the plurality of spatially
defined cell capture locations or a portion of the matrix
material; and

analyzing at least one cell following application of the

reagent for nucleic acid fragmentation.

2. The method of claim 1, further comprising:

removing the overlay from the matrix material;

performing electrophoresis on the plurality of cells; and

analyzing nucleic acid fragmentation based on comet
parameters resulting from nucleic acid migration.

3. The method of claim 1 wherein the step of utilizing the
overlay further comprises utilizing an overlay having at least
one reagent disposed thereon to apply the reagent by contact
with the cells.

4. The method of claim 1 wherein the step of utilizing the
overlay further comprises utilizing an overlay having at least
one opening to allow at least one reagent to be passed there-
through.

5. The method of claim 1, wherein the matrix material is an
agarose gel.

6. The method of claim 1, wherein a thickness of the
solidified matrix material is in the range of about 10 microns
to about 300 microns.
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7. The method of claim 1, wherein a depth of the plurality
of spatially-defined cell capture locations is in the range of
about 4 micrometers to about 20 micrometers.

8. The method of claim 1, wherein the step of disposing

5 cells in the spatially-defined cell capture locations further
comprises applying a fluid comprising the cells onto the sur-
face of the matrix material.

9. The method of claim 1, wherein the step of disposing
cells in the spatially-defined cell capture locations further
comprises printing cells onto the matrix material.

10. The method of claim 1, wherein the step of applying at
least one reagent to the cells further comprises applying mul-
tiple, different reagents to the cells.

11. The method of claim 1, further comprising moving the
overlay with respect to the matrix material while applying at
least one reagent to the cells.

12. The method of claim 1, further comprising:

applying a second matrix material to the first matrix mate-

rial after cells have been applied over the surface of the

first matrix material; and

allowing the second matrix material to solidify to approxi-

mately maintain alocation ofthe cells with respect to the

first matrix material.

13. The method of claim 1, further comprising:

placing a divider over the matrix material; and

adding a second matrix material having a plurality of cells

disposed therein above the divider.

14. The method of claim 1, further comprising:

applying a matrix material to a substrate, the matrix mate-

rial being the matrix material in which a plurality of

spatially-defined cell capture locations that receive at
least one cell having DNA to be analyzed are formed;

contacting the matrix material with a template having a

pattern of protuberances to form the plurality of spa-

tially-defined cell capture locations in the matrix mate-
rial; and

removing the template from the matrix material.

15. A method for manufacturing a nucleic acid analysis
device, comprising:

applying a matrix material to a substrate, the matrix mate-

rial including an agarose gel;

contacting the matrix material with a template having a

pattern of protuberances to form spatially-defined cell
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» capture locations in the matrix material;
removing the template from the matrix material; and
allowing the matrix material to solidify such that a plurality
of spatially-defined cell capture locations are formed
0 therein at locations based on the pattern of protuber-

ances, each cell capture location of which is configured
to receive one or more cells having DNA to be analyzed.
16. The method of claim 15, wherein a thickness of the
solidified matrix material is in the range of about 10 microns
55 10 about 300 microns.

17. The method of claim 15, wherein a depth of the plural-
ity of spatially-defined cell capture locations is in the range of

about 4 micrometers to about 20 micrometers.
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